A promoterless chloramphenicol acetyltransferase gene (cat) was used to construct recA-cat operon fUsions to quantitatively examine the transcriptional regulation of the Pseudomonas aeruginosa recA gene in P. aeruginosa PAO. Wild-type P. aeruginosa containing the recA8-cat fusion was treated with methyl methanesulfonate (MMS) and showed immediate induction of chloramphenicol acetyltransferase (CAT) specific activity, whereas a recA::Tn5O1 mutant of P. aeruginosa containing recA8-cat showed no induction with MMS. This indicated that a-functional copy of recA was required for derepression of recA transcription and that P. aeuginosa recA protein was a positive regulatory factor promoting its own expression. Compared with that in the wild type, the uninduced level of CAT in recA8-cat-containing cells was reduced by approximately one-half in the recA::Tn501 mutant, indicating that recA+-dependent spontaneous induction contributes to the uninduced levels of recA expression in P. aeruginosa. MMS (0.012%) caused recA-directed CAT synthesis to increase almost immediately, with maximum CAT activity, fourfold higher than uninduced Ievels, attained at 60 min postinduction. The kinetics of recA8-cat fusion activity were shown to be directly related to the MMS doses used. Another fusion called recAal-cat, where cat was located between the two transcriptional terminators of the P, aeruginosa recA gene, also showed dose-dependent induction by MMS, but the CAT activity from recAal-cat was only one-half of that obtained with recA8-cat under the same conditions. Treatment of recA+ P. aeruginosa containing recA8-cat with UV irradiation produced an immediate effect on recA8-cat transcription and showed little UV dose dependency at doses of 5 J/m2 or greater. Treatment with 10 Jim2 produced peak levels of recA-directed CAT activity, fivefold higher than background levels, by 60 min postirradiation; CAT activity remained at peak levels during the 120 min of the experiment. In contrast, nalidixic acid had a weak effect on recA8-cat expression in P. aeruginosa, although the response was dose dependent. Nalidixic acid (800 ,ig/ml) produced maximal CAT activity that was only twofold higher than background levels.
The Escherichia coli recA protein has been studied extensively and shown to be the major catalytic component of homologous recombination (for reviews, see references 11 and 40) and to have a positive regulatory role in the induction of various DNA repair pathways (for reviews, see references 18, 31, and 49) . Transcription of the E. coli recA gene is normally repressed by the lexA protein (3) . However, when E. coli cells are exposed to certain DNA-damaging agents or if a blockage to DNA replication occurs, then recA protein becomes activated and promotes autodigestion of the lexA repressor (30, 44) . This inactivation of lexA repressor affects not. only the derepression of recA but also numerous other unlinked genes which constitute the SOS system, many of whose products are involved in repairing DNA damage (24, 25, 31) and. restoring stable DNA replication (26, 27) . By using both mRNA hybridization and gene fusion techniques, the kinetics of E. coli recA induction have been studied under many different inducing conditions (4, 33-35, 45, 46, 50) . The genetic regulation of the recA locus has been quantitatively examined only in E. coli, an organism which normally inhabits the specialized environment of the mammalian colon.
Gene products with activities similar to that of the recA protein of E. coli have been identified in several other bacterial species. It has been shown that synthesis of recA protein ih the enteric soil dweller Proteus mirabilis is induced subsequent to UV irradiation (13) , and its recA protein is capable of cleaving the E. coli lexA repressor (13, 51) . Genetic studies suggest that the Proteus mirabilis recA gene is repressed by a lexA-like repressor in vivo (13) . The Shigella flexneri, Erwinia carotovora, and Proteus vulgaris recA proteins also have the ability to promote E. coli lexA protein proteolysis, and all appear to be repressed by lexA protein when contained in an E. coli background (23) . In Bacillus subtilis, the recE gene (a recA analog) is induced during competence development aand treatments which promote recombinational repair (9) ; the recE gene may also be autogenously regulated and repressed by the B. subtilis recA protein (10) . We have previously reported the isolation of the recA gene from Pseudomonas aeruginosa and the construction and characterization of P. aeruginosa recA mutants (22, 37) . P.
aeruginosa is a common gram-negative organism which inhabits soil environments and is also an important opportunistic pathogen afflicting a variety of compromised human hosts. P. aeruginosa recA mutants are deficient in homologous recombination and are sensitive to DNA-damaging agents (22, 37) . Such pleiotropic deficiencies are shared with recA mutants of E. coli (5) . Since P. aeruginosa recA mutants show deficiencies that are qualitatively similar to those exhibited by recA mutants of E. coli, it has been proposed that their recA proteins have similar activities (37) .
Because so little is known about recA gene regulation outside of E. coli, especially in organisms that are potentially exposed to a variety of mutagenic agents in soil and water (16) or in the related plasmid pCP19 (15) and were mobilized from E. coli to P. aeruginosa in triparental matings (17) by using the conjugative helper plasmid pRK2013 (14) .
Construction of the recA8-cat operon fusion in pJH36. An operon fusion located in the P. aeruginosa recA proteincoding region was constructed (Fig. 1) by replacing a 0.7-kilobase (kb) segment from the 3' end of recA with a promoterless cat gene, which encodes CAT. pHC79AAp was a derivative of pHC79 (19) , in which the 0.65-kb PstI-EcoRI fragment was replaced with a 26-base-pair PstIEcoRI multiple cloning site from pUC8 (47) . pHC79AAp was digested with BamHI in the presence of ethidium bromide to cut only one of its two potential sites (38) and ligated to a BamHI cat cartridge obtained from pCM4 (6) . pHCAT4 ( Fig. 1) had the cat gene in the multiple cloning site of pHC79AAp, with the direction of cat transcription oriented PstI to HindlIl. pORV2 ( Fig. 1) (Fig. 1) , was constructed by replacing 0.7 kb from the terminus of recA with a cat cartridge (recA8-cat; see Materials and Methods), thus inactivating the plasmid-borne recA gene product and putting cat transcription under the control of the upstream recA promoter and operator. The recA8-cat construct in pJH36 was contained on an IncPl (i.e., broad-host-range and low-copynumber [2 to 4 copies per chromosome]) replicon. CAT specific activity was used as an indicator of the relative level of transcription originating from the recA promoter, and the recA8-cat operon fusion in pJH36 was used to determine whether recA expression in P. aeruginosa was autoregulatory. PDO2 is a recA7::TnSOJ mutant of P. aeruginosa PAO1 that we recently constructed which contains no detectable recA protein and shows increased sensitivity to DNA-damaging agents such as MMS and UV irradiation (22) . PAO1(pJH36) was Cmr and MMSr, indicating that the plasmid-borne recA8-cat fusion was expressed in this host. In contrast, PDO2(pJH36) was Cmr but remained MMSS, indicating that there was some uninduced transcription of the plasmid-borne recA8-cat fusion in the absence of a functional copy of recA.
The relative transcriptional activities of the recA8-cat fusion in recA+ and recA7 mutant hosts were determined by assaying for CAT specific activities in growing cultures of PAO1(pJH36) and PDO2(pJH36) following treatment with MMS. The untreated PAO1(pJH36) cells showed a constant basal level of CAT specific activity during logarithmic-phase growth ( Fig. 2A) . The MMS (0.012%)-treated PAO1(pJH36) cells showed almost imr-ediate induction of recA8-cat and attained a specific CAT activity fourfold greater than the uninduced basal level ( Fig. 2A) . In contrast, recA8-cat in the recA7 mutant PDO2(pJH36), when treated in an identical fashion, remained uninduced for CAT ( Fig. 2A) . These results demonstrated that P. aeruginosa required a functional copy of recA for recA transcription to be induced by MMS. Thus, the recA protein in P. aeruginosa is a positive regulatory factor that promotes its own expression, as does the recA protein in E. coli (35) . Also, the uninduced level of CAT activity in PDO2(pJH36) was approximately one-half of that seen in PAO1(pJH36) (Fig. 2A) , indicating that recA+-dependent spontaneous induction contributes to the uninduced level of recA expression in P. aeruginosa.
MMS dosage-dependent induction kinetics of two recA-cat fusions in P. aeruginosa. When cultures of PAO1(pJH36) were grown in the presence of different concentrations of MMS, both the magnitude and the rate of recA8-cat expression were affected. As described above, MMS at a concentration of 0.012% caused recA-directed CAT synthesis to increase almost immediately; the specific CAT activity was twofold greater than the basal level by approximately 15 min after induction (Fig. 2A) . Maximum CAT activity was fourfold greater than the uninduced level by 60 min after the initial inducing treatment, and then CAT activity declined ( Fig. 2A) . At one-half the MMS concentration (i.e., 0.006%), a lower rate of recA8-cat transcription was observed. There was a 15-min delay in the onset of induction, and the time required for CAT activity to increase to twofold higher than the basal level was about twice as long (i.e., 35 for cultures treated with twice as much (0.012%) MMS. By 90 min after the addition of 0.006% MMS to the culture, CAT specific activity attained -a peak level that was just 2.5-fold greater than the uninduced level ( Fig. 2A) . Thus, the kinetics of recA8-cat fusion activity were directly related to the MMS doses used.' However, at reduced concentrations of MMS (equal to or less than 0.0012%) in the culture, there was no detectable effect on recA8-cat expression (data not shown).
We recently constructed an alternate recA-cat operon fusion, pJH23, which contains the promoterless cat gene inserted in the Hindlll restriction site located near the 3' end of the recA gene (Fig. 2B) is located between these two termination sites (22) . We called the fusion in pJH23 recAal-cat to indicate that the cat gene is in an mRNA trailer of recA. When CAT activities in PAO1(pJH23) cells were determined under both noninduced and MMS-induced conditions, both the basal and induced levels of recAal-cat expression were reduced compared with those for PAO1(pJH36) under the same conditions. PAO1(pJH23) displayed a basal level of CAT synthesis that was -25% lower than that of PAO1(pJH36) ( Fig. 2A and B ).
When treated with 0.012% MMS, the recAal-cat in PAO1(pJH23) showed induction, but the peak level of CAT activity was approximately one-half the peak level of recA8-cat expression that was observed in PAO1(pJH36) as described above ( Fig. 2A and B) . At half the concentration of MMS (i.e., 0.006%), PAO1(pJH23) cells contained approximately the same specific CAT activity as the cells treated with the higher concentration of MMS. Thus, the transcriptional activity at the cat insertion in pJH23, which is downstream of the first termination site, is less active than the transcriptional activity of the CAT insertion in pJH36, which is located nearer the 5' end of the recA coding sequence.
Alternatively, the stability or efficiency of translation of recAal-cat mRNA may be reduced compared with that of recA8-cat mRNA. Rapid induction of recA8-cat in P. aeruginosa following UV irradiation. The treatment of P. aeruginosa PAO1(pJH36 recA8-cat) with moderate doses of UV light produced an immediate effect on recA transcription that showed little UV dose dependency at doses of 5 J/m2 or greater (Fig. 2C) --71 greater than the uninduced level of activity. The level of recA-directed CAT activity remained at peak levels during the 120 min of the experiment when cells were treated with a higher dose (10 or 30 J/m2) of UV; however, when cells were treated with a lower dose (5 J/m2), CAT levels had fallen by approximately one-third at 120 min postirradiation (Fig. 2C) .
Nalidixic acid a poor inducing agent of recA transcription in P. aeruginosa. Nalidixic acid had a weak effect on recA8-cat expression in PAO1(pJH36) compared with MMS and UV as inducing agents, although the response was dose dependent (Fig. 2D) . The highest concentration of nalidixic acid used (800 ,ug/ml) produced the highest level of CAT activity, but maximal CAT activity was only twofold greater than that at the uninduced level. Nalidixic acid at 500 and 200 ,ug/ml produced a slightly lower response, and the increase in recA8-cat expression was barely detectable with nalidixic acid at 50 ,ug/ml (Fig. 2D) . The highest level of recA8-cat expression was generally observed 60 min after addition of the inducing agent. An initial lag in recA8-cat induction was observed at doses of 50 and 200 ,ug/ml. For all doses of nalidixic acid tested, a noticeable decrease in CAT activity was observed shortly after cells had attained their highest level of induction, but this decrease was always followed by a second increase in CAT activity that began at about 75 min after addition of the inducing agent (Fig. 2D) .
Because treatment of P. aeruginosa with such high concentrations of nalidixic acid was required to elicit even a mild induction response of recA8-cat, we tested the effect of nalidixic acid on the ability of P. aeruginosa PAO1(pJH36) to grow in culture (NY medium with tetracycline). Compared with the growth rate of untreated culture, which had a doubling time of approximately 35 min, treatment with 200 ,ug of nalidixic acid per ml reduced the growth rate only about 15%; treatment with 800 ,ug of nalidixic acid per ml reduced the growth rate by approximately 60% (data not shown). The fact that log-phase cells were still capable of limited growth in the presence of high concentrations of nalidixic acid indicated that some functional DNA gyrase, the target site of nalidixic acid, was still present. P. aeruginosa is known to be generally more resistant to antibiotics than enteric bacteria are, and this resistance has been linked to the relative impermeability of its outer membrane (36) . Therefore, it is likely that the mild effects of nalidixic acid treatment on recA8-cat induction were due to lower effective intracellular concentrations of this drug, which are related to the slow transport of the acid into the cell.
DISCUSSION
When E. coli is exposed to DNA damage or when blockage to DNA replication occurs, a signal is produced that activates the recA protein to stimulate autodigestion of the lexA repressor protein (44), thereby derepressing transcription of the recA gene (18, 31, 49) . The signals that activate recA protein to induce lexA protein proteolysis are undefined but may include nucleotides, oligonucleotides, and damaged single-or double-stranded DNA (8, 33, 39) . It has been suggested that the concentration of activated recA protein is a function of the linear density of DNA lesions, which is determined by the dose of inducing agent (49) .
It is likely that the recA gene in P. aeruginosa is similarly repressed by a lexA-like repressor protein and undergoes a release of negative regulation involving cleavage of that repressor. The nature of the recA102 allele in P. aeruginosa appears to be to interact with a lexA-like repressor (22) .
Sequence analysis of a region upstream of the P. aeruginosa recA-coding sequence revealed consensus to the lexA-repressor-binding sites of a number of lexA protein-repressed genes in E. coli (42) . Furthermore, the P. aeruginosa recA protein is capable of cleaving the X phage cI repressor (J. M. Horn and D. E. Ohman, Abstr. Annu. Meet. Am. Soc. Microbiol. 1985, H63, p. 118), which shares the same AlaGly cleavage site as lexA protein (21) , although where recA protein binds to these repressors is not known.
In this study, we used operon fusions in which the P. aeruginosa recA regulatory region controlled the transcriptional activity of a promoterless cat gene to examine the expression of recA in P. aeruginosa following treatment with various inducing agents. Although the mRNA stability and translational efficiency of an operon fusion may not exactly mimic those of the target gene, assaying recA-cat fusion activity can provide an accurate relative measure of the rates of recA expression (50) . We found that recA8-cat in a recA mutant background was uninducible upon treatment with MMS, whereas it was clearly MMS inducible when contained in a recA+ background. This indicated that, as in E. coli, the P. aeruginosa recA protein was a positive regulatory factor affecting the derepression of its own transcription. This finding corroborates evidence which we have previously reported on the transcriptional activation of the mutant chromosomal recA2 and recA102 alleles by a plasmid-borne recA+ gene in P. aeruginosa PAO (22) . We also observed in the present study that the basal level of recA transcription in a recA mutant was half the specific activity found in an isogenic recA+ background, suggesting that spontaneous activation of recA protein contributes to the uninduced level of transcription of the P. aeruginosa recA gene. This correlates with studies done with E. coli by Casaregola et al. (4) in which the basal level of recA transcription in an E. coli recA mutant background, as measured by a recA-lac operon fusion activity, was 65% of the uninduced activity observed in an E. coli recA+ background. Also, Little (29) has demonstrated that there is some cleavage of lexA protein in uninduced recA+ E. coli.
P. aeruginosa recA gene expression was dose dependent for treatment with both MMS and nalidixic acid, and as the extracellular drug concentration increased, the recA-controlled CAT activity was induced coordinately. Induction of the E. coli recA gene by 0.025% MMS or only 40-,ug/ml nalidixic acid treatments resulted in a 10-fold induction of recA transcriptional activity (4), whereas the P. aeruginosa recA gene showed markedly reduced induction ratios for the two drugs. However, the impermeability of P. aeruginosa to antibiotics has been documented (36) , and the actual intracellular concentrations of these drugs may be low compared with the concentrations in the medium. Also, delays seen in the onset of recA induction at the lower concentrations of MMS and nalidixic acid may reflect the time needed to accumulate enough signal, or activated recA protein, to derepress the recA gene. By contrast, in E. coli, no lag times are associated with nalidixic acid-induced recA expression (33, 35) .
When P. aeruginosa recA+-containing recA8-cat (pJH36) was continuously treated with 0.012% MMS, the peak level of CAT activity was seen 60 min after addition of the inducing agent, and then a decrease in recA CAT expression was observed. This drop in recA-directed CAT activity, even though the inducing agent was presumably still present, may have been due to the rapid repair of DNA lesions by high concentrations of induced recA protein and other DNA repair enzymes within the cell. As the density of DNA VOL. 170, 1988 on October 20, 2017 by guest http://jb.asm.org/ Downloaded from lesions decreased, the level of signal for activation of recA protein declined, resulting in a depression of the level of recA transcription. In addition, time-dependent degradation of MMS in the medium under these experimental conditions may also contribute to the decrease in recA expression.
After more than 60 min following the addition of nalidixic acid, decreases in recA8-cat expression were observed for all concentrations tested. Decreases in levels of E. coli recA mRNA were also observed during the same interval after the addition of nalidixic acid to the medium (33) . In our studies on P. aeruginosa, these decreases were soon followed by an increase in recA-directed CAT activity. Although the reason for the decrease and subsequent increase in recA expression by nalidixic acid cannot be explained from these data, it is possible that nalidixic acid has transcriptional effects on the recA gene in P. aeruginosa. Nalidixic acid treatment has been shown to cause transcriptional effects on some genes in E. coli (12) . Alternatively, P. aeruginosa cells may become more permeable to nalidixic acid when exposed for more than 60 min.
We have also examined the induction of recA by MMS by using pJH23, a plasmid that contains the recAal-cat fusion in which the cat gene is inserted between the two transcriptional terminators (recAtl and recAt2) of the P. aeruginosa recA gene. We had previously identified two lengths of recA mRNA corresponding to transcription terminating at either the upstream (1.2-kb) or downstream (1.4-kb) termination sites (22) . We also had noted that the shorter transcript was in higher concentration, especially during uninduced conditions (22) . Here, we compared the CAT specific activities of pJH23 and pJH36, noting that transcriptional activity was greater from the fusion (pJH36) that contains the cat gene near the 5' end of recA. This finding corroborates our previous observations that the downstream terminator seems to be used less frequently than the upstream terminator. Positional effects of the fusion in relation to the recA promoter could account for these observations, and such positional effects have been described elsewhere (4). However, it has also been observed that different recA-lacZ fusions with the E. coli recA gene, while displaying different basal levels of ,-galactosidase activity, maintain the same induction ratios (4). Thus, the lower induction ratio displayed by recAal-cat compared with recA8-cat may reflect a decreased level of transcription in this region of the P. aeruginosa recA gene.
In contrast to the situation observed with MMS or nalidixic acid induction, both the rates and extent of activity from recA-cat were largely independent of the UV doses were tested. This observation indicates that a low level of UV-generated signal is sufficient to fully activate recA protein. Because there are no transport effects associated with UV treatment, it is possible to directly compare the E. coli and P. aeruginosa recA induction responses at similar UV doses. Operon fusion assay techniques in E. coli have shown a dose-dependent response of the E. coli recA gene to UV treatments. Using a recA-lac operon fusion, Weisemann et al. (50) have shown a marked difference in E. coli recA induction kinetics at 5 versus 30 J of UV per M2. Smith (45), using a recA-trpED operon fusion, has also shown that the extent of E. coli recA induction varies widely from 5 to 30 J of UV exposure per m2, and Vericat et al. (46) have shown a similar dose dependency in the extent of E. coli recA induction over the same dose range.
It is apparent that the P. aeruginosa recA induction response to UV-induced damage is much more sensitive than that of E. coli. Our data showed that P. aeruginosa recA is expressed at the same high level, and with nearly the same high rate of induction, at UV doses of 5 to 30 JIm2. P. aeruginosa is a soil-dwelling organism that is presumably exposed to high levels of UV daily. Therefore, it is reasonable to expect that P. aeruginosa would evolve mechanisms to cope with a higher level of UV-induced damage than a coliform organism like E. coli. Among these adaptations, the ready induction of DNA-repair enzymes would be most advantageous. However, in light of the data presented here, which indicate that the induction of recA by UV irradiation is more sensitive in P. aeruginosa than in E. coli, it is curious that recA+ P. aeruginosa FRD is killed more readily than recA+ E. coli K-12 when exposed to equivalent UV doses (37) .
The length of persistence in the induction response is another aspect of the kinetics of recA UV induction that differs in E. coli and P. aeruginosa. Two studies measuring the increase in recA mRNA in E. coli after exposure to 10 J of UV per m2 have shown that the level of recA transcripts decreases approximately 20 min after the UV treatment (33, 34) , although the actual rate of lexA protein cleavage may not return to normal until much later (29) . At UV doses of both 5 and 30 J/m2, Weisemann et al. (50) have likewise demonstrated a decrease in the 3-galactosidase activity of an E. coli recA-lacZ fusion after the peak level of specific activity had been reached. However, we observed that the P. aeruginosa recA8-cat fusion (pJH36) maintained peaklevel CAT specific activity at doses of 10 and 30 J of UV per m2 for at least 120 min after the UV pulse. Only with a low dose of UV (5 J/m2) did the recA8-cat fusion start to decrease by 45 min postirradiation. Thus, activation of the P. aeruginosa recA protein apparently requires fewer UV lesions than does activation of the recA protein in E. coli.
